2017): Adaptation to flood risk -results of international paired flood event studies. 5, 10, Abstract As flood impacts are increasing in large parts of the world, understanding the primary drivers of changes in risk is essential for effective adaptation. To gain more knowledge on the basis of empirical case studies, we analyze eight paired floods, that is, consecutive flood events that occurred in the same region, with the second flood causing significantly lower damage. These success stories of risk reduction were selected across different socioeconomic and hydro-climatic contexts. The potential of societies to adapt is uncovered by describing triggered societal changes, as well as formal measures and spontaneous processes that reduced flood risk. This novel approach has the potential to build the basis for an international data collection and analysis effort to better understand and attribute changes in risk due to hydrological extremes in the framework of the IAHSs Panta Rhei initiative. Across all case studies, we find that lower damage caused by the second event was mainly due to significant reductions in vulnerability, for example, via raised risk awareness, preparedness, and improvements of organizational emergency management. Thus, vulnerability reduction plays an essential role for successful adaptation. Our work shows that there is a high potential to adapt, but there remains the challenge to stimulate measures that reduce vulnerability and risk in periods in which extreme events do not occur.
Introduction
Damage due to floods is increasing in large parts of the world [IPCC, 2012] . More knowledge about whether flood risk increases over time in specific regions, and if so, why, is essential for policy response in terms of flood risk management and adaptation strategies [Merz et al., 2010; Bouwer, 2011] . According to the IPCC SREX concept, risk depends on hazard, exposure, and vulnerability [IPCC, 2012] : In this context, hazard is defined as the potential occurrence of a natural or human-induced physical event that may cause adverse effects to social elements. Exposure is defined as the presence of people, livelihoods, environmental services and resources, infrastructure, or economic, social, or cultural assets in places that could be adversely affected by physical events. Vulnerability is defined generically as the propensity or predisposition to be adversely affected [IPCC, 2012] . Such predisposition constitutes an internal characteristic of the affected element, and it includes the characteristics of a person or society and the situation that influences their 10.1002/2017EF000606 capacity to anticipate, cope with, resist, and recover from the adverse effects of physical events [Wisner et al., 2004] .
The observed increase in flood damage in many regions of the world is dominated by exposure increase, while an impact of changes in flood hazard due to anthropogenic climate change has hardly been observed to date [Bouwer, 2011; Merz et al., 2012] . The climate signal might be masked by a counteracting decrease in vulnerability, as suggested by studies at global [Jongman et al., 2015] and regional [Di Baldassarre et al., 2015; Mechler and Bouwer, 2015] scales. However, knowledge is still scarce about the underlying processes that drive changes in flood risk, particularly in respect to vulnerability [UNISDR, 2015] .
The vulnerability of societies may be influenced by flood risk management, other formal measures like land use planning, societal changes, as well as spontaneous processes that influence flood risk. "Focusing events," that is, events that provide a sudden, strong push for action, often trigger flood risk mitigation and improvements of risk management [Kingdon, 1995; Kreibich et al., 2011] . For example, the 1953 North Sea flood disaster lead to the Delta Works in The Netherlands [Van Koningsveld et al., 2008] and the construction of the Thames Barrier [McRobie et al., 2005] in the UK. Several studies are available on various aspects of societal vulnerability [e.g., Tapsell et al., 2002; Brouwer et al., 2007; Kuhlicke et al., 2011] and learning [e.g., Birkland, 1998; Pahl-Wostl, 2009; Armitage et al., 2008] . However, we believe that our study provides empirical evidence adding essential information about how extreme flood events stimulate changes in flood risk management and how these manifest during a subsequent flood in the same region.
The objective of our study is to gain knowledge on how flood events trigger adaptation to future flood risk. We assess eight paired flood events, which are real-world examples for successful risk reduction. This allows us to derive robust conclusions from commonalities and differences between the case studies, across a wide range of hydro-climatic and socioeconomic conditions.
Compilation of Paired Flood Event Studies
This study is based on a selection of success stories of risk reduction, that is, case studies, collected from around the world where societies effectively implemented flood risk management or other measures and societal changes, which significantly mitigated potential flood damage ( Figure 1) . Besides such success stories there are, unfortunately, examples of developments which lead to an increase of flood risk. Examples concern higher exposure due to urbanization or asset value increase [e.g., Domeneghetti et al., 2015; Faccini et al., 2015; Ferguson and Ashley, 2017] ; an increase in vulnerability due to a lack of maintenance of protection structures [e.g., Orlandini et al., 2015; IKSE, 2001] ; or fading of preparedness of administration and affected parties [e.g. Kreibich and Merz, 2007; Nkwunonwo et al., 2016] . However, such cases are not considered in this study, since we aim to show how successful flood risk mitigation can be achieved. The approach is based on the analysis of paired flood events in different river basins across different socioeconomic and hydro-climatic conditions. Paired flood events were defined as consecutive floods that occurred in the same region. Such paired events are natural experiments where processes which change flood risk can be analyzed. The approach is analogous to the concept of "paired catchment studies" in hydrology, which is widely used to determine the magnitude of water yield changes resulting from changes in vegetation [Brown et al., 2005] .
To assess changes in flood risk and its drivers, detailed case study analyses were undertaken (see Supporting Information S1). On this basis, hazard, exposure, and vulnerability indicators were derived and evaluated for each case study. Inherently, the characterization of risk and its components combines both quantitative and qualitative aspects. For this study, hazard is described using the following indicators: the event preconditions (e.g., antecedent catchment wetness, saturated or frozen soils, etc.), the frequency and intensity of precipitation, the hydrological severity (e.g., return period of the flood discharge, affected length of the river network, inundation extent, etc.) and the failure of protection measures (like dikes, dams, etc.). To characterize exposure, the following indicators are used: the number of people affected, the area affected (e.g., settlement area, agricultural land, assets affected, etc.) and the presence of exposure hotspots, which shall indicate if there was particularly high exposure in the flooded area, for example, due to affected cities or industrial areas. There are various concepts and definitions of "Vulnerability" [Thywissen, 2006] , many of which consider a quite broad context [e.g. Nakamura and Llasat, 2017; Brooks et al., 2005; Turner et al., 2003 ; Figure 1 . Case studies across different socioeconomic (e.g., population density, gross domestic product per capita [World Bank, 2016] ) and hydro-climatic (e.g., climate, flood type) contexts (for detailed information on the individual case studies see Supporting Information S1 (texts S1-S8)). The distribution of global flood frequency in the period 1985-2003 is shown using a blue scale. The flood frequency grid was classified into 10 classes of approximately equal number of grid cells. The darker blue the grid cell is, the higher the relative frequency of flood occurrence [CHRR and CIESIN, 2005] . Kelly and Adger, 2000] . For our case study comparison, we narrow the few and focus on the following vulnerability indicators: lack of awareness (e.g., lack of flood experience, information campaigns, precautionary measures), lack of preparedness (e.g., lack of early warning, lead times, risk communication during event, private emergency measures) and insufficient organizational emergency management (e.g., performance of the governmental crisis management, civil protection, emergency plans, evacuation, etc.). The negative form (e.g., lack of ) is chosen to have a positive correlation with vulnerability and to be consistent with the effects of the hazard and exposure indicators so that a reduction in an indicator leads to a reduction in flood risk and as such reflects a positive development. For instance, a reduction of lack of awareness relates to a reduction of vulnerability and as such to a reduction in flood risk. This is particularly important for our compilation of all paired event studies in Figure 2 .
Detailed analyses of the individual paired flood events are based on case study research, literature review, and expert knowledge about the impacted regions. These detailed analyses are provided in Supporting Information S1 (texts S1 to S8). Based on these results, the hazard, exposure and vulnerability indicators were derived. When available, quantitative empirical evidence from case study research was used for a quantification of indicators. Where no empirical evidence was available, a qualitative assessment based on the literature review and expert knowledge was used. For each case study, we examine how these indicators manifested during both floods and particularly how they changed from the first flood to the second flood. Particularly important is how their changes influenced the difference in the resulting damage, that is, number of fatalities and monetary damage. These results were abstracted and compiled in Figure 2 to achieve a homogenous cross-case study comparison and as such more generic results than Figure 2 . Analysis of the eight paired flood events (for more detailed information see Table 1 and Supporting Information S1, texts S1-S8). The figure shows the difference of the primary drivers of flood risk change as well as of fatalities and economic damage between the first flood event, used as baseline, and the second event. Drivers are expressed using hazard, exposure, and vulnerability indicators. on the basis of individual case study analyses only. Changes of the hazard, exposure, and vulnerability indicators as well as of the resulting damage (fatalities and monetary damage) from the first flood used as baseline to the second flood are indicated by upward and downward arrows for increase and decrease, respectively (or circles for no change). In case of quantitative comparisons (e.g., precipitation intensities, monetary damage) a change of less than 50% is indicated by a small arrow, and larger changes by large arrows. The diversity of amount and quality of available information about the change of the individual indicators are indicated by hollow and filled arrows/circles for limited and robust evidence. This distinction is based on expert judgment inspired by the IPCC concept of treatment of uncertainties [Mastrandrea et al., 2010] . Generally, evidence is evaluated to be robust when there is one (or preferably more consistent) good-quality measurement, analysis, or study available from a reputable source (e.g., scientific study or governmental report) which indicate(s) the change of indicator.
Our approach of analyzing pairs of events as well as undertaking a comparative analysis of various event pairs yields generic results. A problem of extreme event or catchment studies is that every event, catchment, region, situation, etc. is unique and has its own characteristics and processes which make it 10.1002/2017EF000606 challenging to draw general, transferable conclusions. Transferring the established approach of paired catchment studies [Brown et al., 2005; Prosdocimi et al., 2015] to event comparisons and complementing it with (semi-)qualitative data on exposure and vulnerability enable a comprehensive attribution of changes in risk, as demonstrated for floods in this study and as suggested for droughts by Van Loon et al. [2016] . Another approach to reach universal results is comparative analysis, which aims to find general patterns by analyzing a large set of case studies (e.g., catchments) from all over the world [Duan et al., 2006; Blöschl et al., 2013] . Combining these two approaches in collecting a large number of paired events seems a promising way forward for attributing changes in risk of hydrological extremes. Thus, the eight paired event studies compiled in this study may be the starting point for an international effort to collect and analyze paired events, for example, in the framework of the IAHSs Panta Rhei initiative.
Flood Risk Change
The compilation of paired events shows that in all cases, reductions in flood damage between the first and second flood occurred mainly along with large reductions of the three main elements of vulnerability, that is, lack of risk awareness, lack of preparedness, and insufficient organizational emergency management. In some cases additionally structural flood protection and reduction in exposure played a role ( Figure 2) . Clearly, the different drivers of risk change (vulnerability, exposure and hazard) act simultaneously. In integrated flood risk management, flood protection is complemented with nonstructural measures such as land-use planning to reduce exposure, and improved private preparedness or organizational emergency management to reduce vulnerability [Klijn et al., 2015] . The German Elbe, Danube 2002/2013 case is a good example of the combined effects of structural and nonstructural measures. Although the hydrological severity of the second event in 2013 was much larger (hydrological severity index: 75 in 2013, 35 in 2002 [Schröter et al., 2015] ), the monetary damage was reduced by about 50% and the fatalities by 33% due to improved structural protection, as well as reduced vulnerability due to timely flood warning and better awareness and preparedness of affected people and emergency managers [Thieken et al., 2016b] .
Hazard Changes
Catchment preconditions and precipitation differ from event to event and cannot be influenced by flood risk management. In all paired event cases, these factors are either insignificantly different between the events or slightly lower for the second event with only a few exceptions ( Figure 2 ). In the German Elbe, Danube case, the hydrological severity in terms of the magnitude and spatial coverage of the second event was higher and driven by strong catchment wetness [Schröter et al., 2015] . Still, a strong damage reduction for the second event was achieved, which underscores the decisive roles of reductions in vulnerability and exposure. Largely lower precipitation is observed in the Italian case for the second event, which partly explains reductions of damage along with the reduced vulnerability.
There is a general tendency to improve structural flood defenses and increase the protection level after major flood events. For instance, in the German Elbe, Danube 2002/2013 case, massive investments in the reinforcement of dikes after the 2002 flood were undertaken. The federal state of Saxony in Germany alone allocated more than €800 million for structural flood defenses after the 2002 flood [Müller, 2010] . The reinforced protection infrastructure has led to reductions in protection failures: only 30 dike failures occurred in 2013, compared to over 130 failures in 2002. Monetary damage was reduced by about 50% (Table 1) . Some reduction in damage as a result of reduced protection failures is also noted in the Bangladesh, Italian, and Spanish case studies. For these case studies, no evidence for massive investments into structural flood protection is reported. It could be the case that fewer failures occurred during the later floods due to smaller hydrological severity and lower hydrological load on flood protection structures. The causality is different in the Vietnamese case: Many protection dikes, which are designed to protect farmland from flood throughout the year, were built quickly on relatively weak soil foundations in the years following the 2000 flood. The dike system in 2011 led to confined stream flow, causing higher flow velocities and water levels than might have been considered for dike construction and stability. This led to many dike failures during the flood in 2011. However, since many dikes were newly built after the 2000 flood, the dike system (despite the failures) still caused a reduction of affected agricultural area by 78% (Table 1) . Given the hydrological severity of the 2000 event, it has to be expected that many more dikes would have failed, if they were in place. Construction of dikes is costly and time consuming; hence, if the time lag between two flood events 10.1002/2017EF000606 is short, as was the case for Germany Rhine 1993/1995, it is unlikely that defenses are sufficiently repaired or upgraded. However, where we have an indication of substantial investments into the flood protection infrastructure (Elbe/Danube and Mekong basins), a strong evidence of risk reduction is present (Figure 2 ).
Exposure Changes
Across the eight case studies, the role of changes in exposure differs, with positive and negative trends reported (Figure 2) . In single cases, changes in exposure have clearly contributed to lower damage. For example, in Vietnam 200,000 households were relocated to protected grounds after the flood in 2000. Thus, the number of affected people was reduced by 88% (Table 1) . Similarly, for the Mozambican case the number of affected people was reduced by 93% mainly due to decreasing the number of settlements in flood-prone areas after the event in 2000. The monetary damage was reduced by 94% and the fatalities by 83% (Table 1) .
In contrast, in the Italian case, industry moved out of the affected areas after the first flood, but was then substituted by private residents over a longer time (Table 1) . This lead to an increase of exposure, particularly the number of affected people increased by 86% (Table 1) . This case highlights the necessity of keeping flood risk awareness at a high level over long time periods.
In the German Elbe, Danube case the change of exposure is rather unclear. While EM-Dat [2015] reported an increase of affected people by 82%, the affected area of residential and mixed use was calculated to be reduced by 74% (Table 1) . This combination appears very unlikely and points to high uncertainties associated with the exposure information ( Figure 2 ).
During short time periods of a few years, exposure changes are hardly possible, as observable for the Rhine floods in 1993 and 1995 in Germany (Figure 2 ). Large reductions in exposure are only observed in case studies in which the time interval between the paired events is more than 10 years ( Figure 2 ). Thus, it takes time until spatial planning programs, settlement protection (e.g., by hard engineering works) or relocation are implemented.
Vulnerability Changes
In almost all paired event cases, that is, success stories of risk reduction, a medium to large reduction in vulnerability indicators is seen. Large reductions in all three vulnerability indicators occurred in both German cases and in the Vietnamese case, indicating effective learning by societies, that is, of administrative/governmental, commercial, and private sectors, after the focusing events using these as windows of opportunity Kingdon, 1995] . Apparently, measures to reduce vulnerability can be readily implemented and unfold their positive effects quickly. For instance, after the Rhine flood in Germany in 1993, the number of precautionary measures that were implemented by private households, such as securing oil tanks or the deployment of mobile flood barriers, more than doubled [Bubeck et al., 2012] . Large reductions in vulnerability were achieved between the floods in 1993 and 1995, resulting in a 67% lower monetary damage in the latter (Table 1) . Also in the other German paired flood event case in the Elbe and Danube catchment, affected parties and authorities reduced their vulnerability after the extreme flood in 2002. Many governmental flood management programs and initiatives were launched, for instance, the German Weather Service (DWD) has significantly improved its numerical weather forecast models and its warning management [Kreibich and Merz, 2007; Thieken et al., 2016b] . Also a high percentage of the private households and companies adopted precautionary measures and were much better prepared for emergency actions Kienzler et al., 2015] . The comparison of the Mekong flood events in 2000 and 2011 in Vietnam showed that considerable improvements regarding the vulnerability were possible, supporting a significant reduction of monetary damage by 58% and of fatalities by 81% (Table 1 ).
In the Italian and Spanish cases, large reductions occurred in two vulnerability indicators and a small reduction in the third one. However, the time between the events was so long, that not only the effects of learning after the first flood event can be observed during the second event; improved awareness and preparedness, as well as an improved emergency management, are probably also due to general vulnerability decreasing developments stimulated by policies such as the European Flood Directive [European Commission, 2007] and the Hyogo/Sendai frameworks by UN-ISDR. In the Spanish case, monetary damage was reduced by 83% and fatalities by even 99% mainly due to a significantly improved early warning by the meteorological services, based on advances in hydro-meteorological monitoring and modeling. Additionally, the activation Table 1 . Information on Risk Drivers and Resulting Damage of the Individual Success Stories of Risk Reduction, that is, Paired Flood Events (for Detailed Information see Supporting Information S1, Texts S1-S8) Germany Rhine (Supporting Information S1, Text S1) Bangladesh (Supporting Information S1, Text S2) Germany Elbe, Danube (Supporting Information S1, Text S3) Vietnam (Supporting Information S1, Text S4) 49.2 [Schröter et al., 2015] Wetness-index:
30.8 [Schröter et al., 2015] Saturated soils due to regular monsoon rainfall Saturated soils due to regular monsoon rainfall Wetness-index:
47 [Schröter et al., 2015] Wetness index:
114 [Schröter et al., 2015] ND a Saturated soils Precipitation Precipitation index: 21.97 [Schröter et al., 2015] Precipitation index: 8.6 [Schröter et al., 2015] 1870 mm
mm
Precipitation index: 30 [Schröter et al., 2015] Precipitation index: 17 [Schröter et al., 2015] ND a [Schröter et al., 2015] Severity index: 75 [Schröter et al., 2015] Bivariate probability of peak discharge and volume: 0.05 [MRC, 2015] ; 0.01 [Dung et al., 2015] Bivariate probability of peak discharge and volume: 0.1 [MRC, 2015] ; 0.02 [Dung et al., 2015] Kreibich and Thieken, 2009 ] Several recent floods in 2002 , 2006 , 2010 , 2011 [Kienzler et al., 2015 Last severe flood 22 years ago Experience with 2000 flood
Lack of preparedness
Low preparedness [Bubeck et al., 2012; Engel et al., 1999] Improved early warning and sign. Increased preparedness [Bubeck et al., 2012; Engel et al., 1999] Good preparedness and early warning (forecasts for 24 and 48 h lead times) [Gain et al., 2015] After 1998, further improved forecast-ing/warning (forecasts for 72 h lead time)
Warnings relatively late and imprecise, low preparedness [Kreibich and Merz, 2007] Sign. Improved warning and preparedness [Thieken et al., 2016b] Low 1975, 1977, 1981, 1996 (Table 1) . Technical developments can also support improved preparedness: For instance, early warning information was successfully spread through mobile phone and social networks during the 2013 flood in Italy (Table 1) .
Vulnerability did not decrease much in Bangladesh between 1998 and 2004 ( Figure 2 ). Yet, an extraordinary reduction of vulnerability had already taken place in the previous decades. For instance, the 1974 flood killed about 29,000 people, 40 times more than the number of fatalities caused 30 years after by the 2004 flood, which had a similar magnitude [Mechler and Bouwer, 2015] . This reduction of people's vulnerability is explained by a number of factors, such as the emergence of spontaneous or informal processes (e.g., flood experience leading to increased awareness and preparedness) or the implementation of deliberate and formal measures like the implementation of building codes. Bangladesh also had external assistance and invested about 10 billion USD over the last five decades into disaster risk reduction [World Bank, 2010] . During the flood of 1998, the Flood Forecasting and Warning Centre of Bangladesh provided flood forecasting for 24 and 48 h lead-times with accompanying warning messages [Gain et al., 2015] . After this flood, further improvements were undertaken with the project "Consolidation and Strengthening of Flood Forecasting and Warning Services". During the 2004 flood, the early warning system provided forecasts with a 72-h lead-time (Table 1 ).
In Poland, most improvements occurred in the administrative/governmental sector. Since the 1997 flood, the forecasting and warning systems of Poland have been significantly improved both technically and organizationally. In 2007, the Crisis Management Act constituted the organizational structure of the emergency management. This clarification of the legal basis for operations and division of responsibility lead to significant improvements of the organizational emergency management, which was proven during the 2010 flood. In Mozambique, vulnerability reduction is mainly attributed to increased awareness and preparedness. This has been achieved primarily by promoting educational programs on flood risk at different levels [Lumbroso et al., 2008] . Educational tools included: (1) material on sustainable flood risk management for organizations involved in water planning; (2) posters and pamphlets to raise flood awareness at community level; and (3) "living with floods" manual and card game to raise awareness among young people and less literate adults, which were distributed to rural and urban communities throughout Mozambique [Lumbroso et al., 2008] .
Overall, across the paired event cases, the observed reduction in vulnerability is in line with the observed decrease in flood damage, which suggests an important role of vulnerability in adaptation to flood risk.
However, the majority of the changes in vulnerability are based on limited evidence (depicted in Figure 2 by open symbols), which is in contrast to the majority of trends in hazard and damage, the latter being mainly based on robust evidence (Figure 2 ). For exposure, the underlying evidence is somewhere in between, with about half of the observed changes being based on limited evidence. This is on the one hand due to the fact that many hazard parameters, like precipitation or discharge, can be measured and are often continuously monitored, in contrast to vulnerability indicators such as awareness or preparedness, which cannot be easily measured and are only recorded occasionally, mostly after extreme damaging events. On the other hand, this also reflects the fact that far more event analyses focus on the hydrological processes of floods than on exposure or vulnerability. Thus, our knowledge on vulnerability is far more limited. Both German cases are exceptions, as detailed vulnerability analyses were undertaken based on postevent surveys of affected parties (Table 1) .
Conclusions
This first study of paired flood events shows how societies adapt to flood risk through a variety of actions.
There is a clear signal that the first event acted as a trigger for raising risk awareness, preparedness, and improvements of organizational emergency management, which in turn reduced vulnerability and damage. Also, reinforcing flood protection infrastructures reduced flood damage. Exposure can also be reduced, but it requires policy and legal changes and enforcement in the area of land use planning, and its effects mostly occur on a longer (decadal) time scale. Our analysis underlines the essential role of reducing vulnerability for effective adaptation, but also the need for an improved understanding of vulnerability, in the sense of its changes and effects on damage and risk. We believe that our compilation of paired flood events can be the starting point for a broader international initiative to collect and analyze a large number of paired event 10.1002/2017EF000606 studies, for example, in the framework of the IAHSs Panta Rhei initiative. Generally, the challenge remains to stimulate adaptation processes without the occurrence of disastrous floods and make risk reduction persistent over long time scales.
